community (for a list, see http://nagy.mshri.on.ca/cre_new/index.php). Cre may also be delivered by virus or electroporation methods.
Equipment Microscope
Imaging of MADM clones can be achieved using a range of microscopes, depending on the tissue of interest, resolution desired, and experimental analysis. In general, a standard confocal microscope and imaging software is sufficient to obtain high-resolution images for most sectioned and stained tissues. Multi-photon microscopy can be used to visualize cell bodies and dendrites of MADM clones in vivo.
PCR machine for genotyping Peristaltic perfusion pump Standard mouse room facilities Tissue sectioning equipment (e.g., cryostat)
METHOD
In the MADM system (Zong et al. 2005) , labeling is achieved by recombination-induced reconstitution of chimeric fluorescent proteins (Fig. 1A ). These two chimeric proteins are needed to distinguish chromosome segregation types. If the parental cell carries one copy of the normal gene and one copy of the mutant gene (heterozygous for the mutation), only single-colored progeny would alter the genotype-either homozygous for the normal allele or homozygous for the mutant allele (Fig. 1A , G 2 -X). Because the progeny are siblings of the same cell division, mutant-induced phenotypes can be studied by directly comparing the two siblings, each with distinct fluorescent markers. Doublelabeled cells in MADM derived from a different chromosome segregation type (Fig. 1A , G 2 -Z) or from recombination in G 1 or postmitotic cells (Fig. 1A , G 1 /G 0 ) do not alter the genotypes.
Cross Cre-Expressing Mice with MADM-RG Mice 1. Obtain the following two mouse lines: mice carrying the GR cassette (MADM-GR) and mice carrying the reciprocal RG cassette (MADM-RG). 2. Generate or obtain a tissue-specific or ubiquitous Cre driver mouse line or a temporally inducible Cre-ER driver mouse line and cross with MADM-RG mice ( Fig. 2A) .
Mice carrying both a MADM cassette and Cre driver may be weak from the presence of multiple genetic elements. The choice of Cre driver line depends on experimental analysis. Cre expression in mitotic cells is necessary for mutant analysis. The efficiency of clone generation depends on the genetic components used and the tissue being analyzed.
See Troubleshooting.
Recombine Mutation Distal to the GR Cassette and Generate MADM-Green-KO Clones 3. Introduce a mutation onto the chromosome arm distal to the GR cassette located in the ROSA26 locus on chromosome 6. To recombine an existing mutation, use the following two simple crosses.
i. Cross mice heterozygous for an existing mutation distal to the ROSA26 locus with MADM-GR mice. ii. Cross trans-heterozygous progeny with mice carrying the RG cassette and Cre transgene (Fig. 2) . The mutation is recombined distal to the GR cassette following standard meiotic recombination. See Discussion for considerations.
Dissect and Stain Tissues
4. Analyze the clones in live or fixed tissues. For protocols for mouse perfusion, brain dissection, and immunostaining of fixed tissues, see Espinosa and Luo (2008) . To visualize red fluorescent protein (RFP), use preabsorbed goat anti-Myc. To visualize fine neuronal structures (e.g., dendritic spines or axonal boutons), amplify the GFP signal with chicken or rabbit anti-GFP antibody. 6. Store the samples in a dark slide holder for up to several months at 4˚C or up to several years at −20˚C or −80˚C.
TROUBLESHOOTING

Problem (
Step 2): MADM mice are unhealthy. Solution: Homozygous alleles, especially homozygous for GR, or multiple genetic elements can make mice weak. Maintain some mice heterozygous for the allele, minimize breeding littermates, or amplify mice to compensate for loss.
A B
The fast method The stable method This crossing scheme is optimal when the rate of meiotic recombination between the mutation and the MADM cassette is high. Mice carrying the RG cassette are crossed to mice expressing a Cre transgene of choice. Mice carrying the GR cassette are crossed to mice heterozygous for a mutation. Trans-heterozygous progeny are then crossed to mice carrying the reciprocal MADM cassette (RG) and Cre transgene. Mice that inherit RG and Cre components and a chromosome that has undergone meiotic recombination between GR and the mutant allele can produce green fluorescent-labeled mutant cells (MADM-Green-KO) through Cre/loxP-directed mitotic recombination in somatic cells. MADM-Red-KO can be easily generated by crossing mice heterozygous for a mutation with mice carrying the RG cassette. (B) Stable method of generating MADM mutant mice. This crossing scheme is optimal when the rate of meiotic recombination between the mutation and the MADM cassette is low, and/or a higher percentage of progeny that can generate MADM clones is essential. This scheme requires one additional generation compared to (A). Mice carrying the GR cassette are crossed to mice expressing a Cre transgene of choice. Progeny are intercrossed to generate mice homozygous for the GR cassette and Cre transgene. Mice carrying the RG cassette are crossed to mice heterozygous for a mutation. Transheterozygous progeny are then crossed to mice homozygous for the RG cassette. Mice can inherit a chromosome that has undergone meiotic recombination between RG and the mutant allele. Mutant mice carrying the RG cassette are crossed with mice homozygous for the GR cassette and Cre transgenes. Progeny that inherit RG, GR, Cre, and the mutation produce red fluorescently labeled mutant cells (MADM-Red-KO) through Cre/loxP-directed mitotic recombination in somatic cells. MADM-Green-KO can be generated by crossing mice heterozygous for a mutation with mice carrying the GR cassette. Note that the F 2 progeny are established stable lines for producing mice for MADM analysis. 
DISCUSSION
Issues to Consider When Generating Mutant MADM Mice
In
Step 3 of the above protocol, the frequency of meiotic recombination depends on the distance between the mutation and the MADM cassette so that the probability of meiotic recombination decreases for shorter distances. Indeed, the frequency of meiotic recombination can be estimated from the genetic distance between the MADM cassette and the gene of interest. Depending on the frequency of meiotic recombination, different crossing schemes should be used (Fig. 2 , cf. A with B). Genotyping of MADM gene knockout progeny should always be conducted to ensure that the mutation was not lost because of meiotic recombination. Crosses that will generate homozygous gene knockout mice should be avoided. When choosing a gene mutation, it is preferable that the gene plays a cell-autonomous role (e.g., receptors). Genes that are "floxed" (flanked by loxP sites) can be used with MADM following Cre/loxP-directed germline deletion. When using a tissue-specific or ubiquitous Cre driver line, allow the progeny to develop to the desired stage. The promoter used to drive Cre expression will determine when and where the MADM clones will be present. Verify that Cre expression labels cells of interest before the developmental time of analysis. Generation of mutant cells requires Cre expression during mitosis. When using a temporally inducible Cre-ER driver line, administer tamoxifen dissolved in corn oil (20 mg/mL) at the desired time and dose to induce MADM clones and allow the progeny to develop to the desired stage. Cre recombinase activity peaks within 24 h and subsides 36-48 h after tamoxifen administration (Hayashi and McMahon 2002) . The timing of tamoxifen administration in combination with the promoter used to drive Cre-ER expression will determine when and where the MADM clones will be present. Tamoxifen should be administered at a dose and time that will obtain the desired labeling density for the tissue and cell type of interest. To reduce tamoxifen toxicity and the risk of miscarriage in pregnant females, obtain high-expressing Cre-ER T2 lines that require lower tamoxifen doses. Generation of mutant cells requires induction of Cre-ER during mitosis.
Applications of MADM
Labeling single neurons in their native environment with genetic methods such as MADM can be useful for three main purposes.
• Tracing the axon projection and dendrite elaboration patterns of individual neurons. It is possible to characterize different neuronal types and their connection patterns within a specific brain region or between different regions, to discern information flow and the logic of neural circuit organization. Although the Golgi staining method (Ramón y Cajal 1911) is quite powerful, complete axonal arbors are difficult to recover with this technique. MADM allows for complete reconstruction of axonal arbors, selection of the types of neurons that are singly labeled, and enables the tracing of a neuron's lineage along with the visualization of its projections.
• Studying molecular mechanisms of dendritic and axonal development and plasticity with high anatomical resolution. To study the intrinsic and extrinsic regulators of neuronal morphogenesis, it is useful to study the consequences of genetic manipulation with single-neuron resolution. MADM affords the possibility of disrupting endogenous genes only in labeled and isolated neurons, thus allowing analysis of specific functions of pleiotropic genes.
• Studying the physiological functions of identified neurons in brain slices or in vivo. Single neurons in wild-type or mutant animals labeled with vital dyes such as GFP can be used for electrophysiological recording or optical imaging in brain slices or in intact animals. These methods allow for characterization of neural circuit function in wild-type animals and genetic analysis of neural circuit development and function using mutants. It is also possible to label single neurons with other markers, such as genetically encoded Ca 2+ or voltage indicators or effectors that can alter neuronal activity , so that physiological properties of uniquely identifiable wildtype or mutant neurons can be assayed and perturbed in behaving animals using state-of-the-art imaging techniques.
MADM has been used to study neuronal activity in dendrite patterning in the mouse brain. For example, N-methyl-D-aspartate receptors (NMDARs) play important roles in neural development. NR2B is the predominant NR2 subunit of the NMDAR in the developing brain. MADM knockout of NR2B in isolated single cells revealed its cell-autonomous function in dendrite development. For example, spiny stellate cells in layer 4 of the barrel cortex normally restrict dendrite growth to a single barrel (see Fig. 1B ). Loss of NR2B results in stellate cells that maintain dendrites in multiple barrels (see Fig. 1C ), without affecting dendritic growth rates, total length, or branch numbers (Espinosa et al. 2009 ). Thus, NR2B functions cell-autonomously to regulate dendrite patterning to ensure that sensory information is properly represented in the cortex.
Advantages and Limitations
Genetic methods for single-neuron labeling such as MADM have several advantages over traditional Golgi staining. The Golgi method labels random neurons, whereas genetic methods can use defined promoter elements to drive marker expression in neurons confined to a particular class. This can be quite important in tracing neural circuits and in studying genes that affect neuronal morphogenesis. If a particular gene affects dendritic morphogenesis or axon projections, these processes can no longer be used as independent criteria in defining neuronal types. In addition, genetic methods afford the possibility of labeling living neurons, allowing time-lapse studies of the dynamic behavior of neurons in their native environment. Finally, the more complete axonal filling achieved by genetic methods is also a major advantage over the Golgi method. However, genetic methods are limited by the availability of defined promoter elements and existing technology. Traditional methods, such as Golgi staining or intracellular dye fill, will still be very useful for many years to come for their capability to label any neuronal class.
Highly specific promoters allow robust and invariant labeling of the same neurons from animal to animal, and thus are excellent choices for studying the molecular mechanisms of neuronal morphogenesis. Because it is extremely rare to isolate promoter elements that allow single-neuron labeling in a defined brain area, this method is significantly limited by the availability of such special promoters. By the same token, chance insertions of transgenes that happen to be stable and label a very small subset of neurons could also be a very useful tool for studying that particular class of neurons. However, it may take a lot of trial and error, without any guarantees of success, to generate transgenic animals that sparsely label a particular class of neurons.
The MADM strategy couples cell division with the generation of labeled neurons, making it an excellent lineage-tracing tool. In addition, MADM permits genetic manipulations of singly labeled neurons. However, this mitotic recombination-based method can be used only to perturb gene function at the time a neuron is born. In many cases, it is useful to eliminate gene function later on (e.g., to study the physiological function of the gene of interest in the mature brain). The "SLICK" method, which is based on chance insertion of a transgene that expresses the tamoxifen-inducible Cre recombinase as well as a reporter resulting in coexpression of both in a small population of neurons, can be used to inactivate genes with "floxed" alleles in small populations of postmitotic neurons (Young et al. 2008) .
